ABSTRACT HELLER, CAROLE S. (University of Pennsylvania, Philadelphia), AND M. G. SEVAG. Prevention of the emergence of drug resistance in bacteria by acridines, phenothiazines, and dibenzocycloheptenes. Appl. Microbiol. 14: 879-885. 1966.-It has been found that, like Atabrine, the phenothiazine tranquilizers promazine, chlorpromazine, promethazine, levopromethazine, and Stelazine; the antidepressants (dibenz-azepine and dibenzocycloheptene derivatives) Tofranil, Pertofrane, cyclobenzaprine, Elavil, protriptyline, and 3-chlorodibenzocycloheptene; and the acridine derivatives acridine orange, acriflavin, SKF no. 16214-A2, SKF no. 13231-A2, SKF no. 9200, and SKF no. 9836 are all to a greater or lesser extent than Atabrine, effective in preventing the emergence of resistant strains of Staphylococcus aureus and Escherichia coli in the presence of streptomycin, sulfathiazole, or chloramphenicol. The antimalarials chloroquine and hydroxychloroquine were also studied and found to be ineffective. The medical significance of these findings is discussed, as well as the effect of the structural variations of these compounds on their relative activities.
In previous communications (8) (9) (10) (11) , it was reported that spermine or Atabrine (quinacrine), when combined with each of a number of antibiotics, was capable of preventing the emergence of strains ofStaphylococcus aureus and Escherichia coli resistant to the specific antibiotic used. However, when drug-resistant bacteria were used, the combination of drug and Atabrine or spermine was ineffective in preventing growth. Since both of these agents are capable of complexing with nucleic acids, it was hypothesized that the Atabrine or spermine was blocking a change from a potential to an actually resistant state in the presence of the antibiotic. It has been shown that S. aureus resistant to one antibiotic can be prevented from becoming resistant to a second antibiotic when the latter is used in combination with Atabrine (2, 9) . The obvious medical implications of these findings made it desirable to seek other compounds that might act in an analogous manner to minimize possible side effects due to patient variations. Theoretically, it was also of interest to compare various compounds having structural groups comparable to those of Atabrine to determine the key components of the molecule responsible for the prevention of the emergence of drug-resistant strains.
The present study involves the examination of four groups of compounds that are structurally or functionally related to Atabrine. These groups and their members are: (i) antimalarials with a quinoline nucleus, chloroquine and hydroxychloroquine; (ii) the acridine derivatives Atabrine, acridine orange, acriflavin, SKF no. 16214-A2, SKF no. 13231-A2, SKF no. 9200, and SKF no. 9836; (iii) the phenothiazine tranquilizers promazine, chlorpromazine, promethazine, levomepromazine, and Stelazine; and (iv) the antidepressants (dibenz-azepine and dibenzocycloheptene derivatives) Tofranil, Pertofrane, cyclobenzaprine, Elavil, protriptyline, and 3-chlorodibenzocycloheptene.
Each compound was tested in parallel with Atabrine with S. aureus and E. coli as representatives of gram-positive and gram-negative organisms, respectively, and streptomycin and sulfathiazole as the antibiotic. In some instances, tetracycline and chloramphenicol were also used.
MATERIALS AND METHODS
Organisms. The organisms used were S. aureus ATCC 3528 and E. coli B. b A 0.2-ml amount of the growth system was spread on a Nutrient Agar plate, and 0.2 ml of the growth system was inoculated into 5 ml of 0.5% glucose broth. Acridine Derivatives Atabrine = 3-chloro-7-methoxy-9-(1-methyl-4-diethylaminobutylamino) acridine-2 HCI Acriflavin = 2,8-diamino-10-methylacridinium chloride + 2'8-diamino acridine Acridine orange = (Tables 1 to 3) indicated that the growth of the organisms in each drug was preceded by a long latent period. Viable counting, done every 2 hr during this "latent period" in the presence of a representative sample of the compounds, revealed that in all cases, after a short period of bacteriostasis, or possibly after minor bacteriocidal action, the bacteria were able to grow in the presence of each agent individually (Table 5 ). In contrast to the lethal effect of these compounds on sensitive cells when combined with an antibiotic, each compound, when combined with 1,000 ,ug/ml of streptomycin, was ineffective in preventing the growth of S. aureus which had been made resistant to 1,000 ,gg/ml of streptomycin by "training" (Table 6 ). However, it must be noted that the growth rates in the latter systems ± to Atabrine is 0.25, whereas this ratio for chloroquine is from 0.14 to 0.028. They also reported that these complexes are resistant to the action of deoxyribonuclease, with Atabrine more effective than chloroquine. Thus, chloroquine may be too weak to accomplish the hypothesized blocking of a change in bacteria to resistance.
Effect ofstructural variations on the activities of phenothiazine, dibenz-azepine, dibenzocycloheptene, and acridine derivatives. Activities of the compounds used in combination with streptomycin against S. aureus are compared on a molar basis, with the activity of Atabrine as 1 (Table 4) .
Similar results were obtained by use of sulfathiazole with S. aureus, and by use of both streptomycin and sulfathiazole, combined with the compounds, against E. coli. In all of these compounds, in contrast to the ineffective two-ring quinoline nucleus, the basic structure of a tri-ring nucleus appears to be necessary for activity. It would appear, however, that the nature of the side chain and the substituents on the tri-ring nucleus play an important role. For instance, chlorpromazine differs from promazine only by the presence of a chlorine substituent on the ring, which definitely increases the effectiveness of chlorpromazine from 1.5-to 2.2-fold over promazine. Chlorine substitution on the ring also enhances the activity of a cycloheptene derivative, 3-chloro-dibenzocycloheptene. Alkylation of the nitrogen of the aliphatic side chain also influences the activity of the compound. Pertrofrane, for example, exhibits 1.5 times greater activity with a methylamino group than does Tofranil with a dimethylamino group on the side chain. Comparison of SKF no. 9836 with Atabrine shows that the former, with a nonalkylated aliphatic amine as a side chain, is about 7 to 13.3 times more effective than Atabrine with a dialkylated aliphatic amino group for a side chain.
Similarly, acriflavin with two free amino groups on the exterior rings of the acridine nucleus is at least twice as effective as acridine orange, in which the amino groups on the rings are dimethylated. The presence of a methoxy group as a ring substituent appears to have little or no effect on the activity, as can be seen by comparing promethazine with levomepromazine. Among the acridine derivatives, the comparison of SKF no. nucleus, shows a greater effect against S. aureus than against E. coli. It has previously been reported (1, 6 ) that phenothiazine derivatives show antibacterial activity against gram-positive bacteria only. In our systems, these compounds are found to act on both gram-positive and gram-negative bacteria. It is also reported (7) that chlorpromazine shows a weak bactericidal activity on S. aureus and synergistic action when combined with streptomycin, erythromycin, or penicillin, but that it shows an antagonistic action when used with chloramphenicol. In our systems, no such antagonistic action could be demonstrated. In fact, in combination with chlorpromazine, promethazine, or levomepromazine, chloramphenicol was just as effective as it was with streptomycin and sulfathiazole.
Unfortunately, comparative quantitative data on the ability to complex with nucleic acids of the compounds studied are not available. However, it has been reported (3) that phenothiazine drugs and imipramine (Tofranil) form insoluble complexes at pH 5.0 with polyphosphates, including nucleic acids. It may be inferred that this complexing involves the interaction of the negative phosphate groups with the cationic side chains of the drugs. The same investigators (3) also found a relationship between absorbance and drug concentration at 425 m,, and obtained different curves for promazine, chlorpromazine, and imipramine (Tofranil) which differ only in the ring system in the same way as do drugs which differ only in their side chains. With consideration of the reaction of acridines with DNA, studies (5) on sedimentation, low angle X-ray scattering, flow dichroisms, flow-polarized fluorescence, and chemical reactivity have provided evidence for intercalcation of the acridines between two otherwise sequential base pairs. A substantial alteration in the chemical reactivity of intercalated molecular has been verified by reaction-rate studies, and a pronounced stabilization of the double helix has been found.
